Abstract. The aim of the present study was to investigate the function and mechanism of microRNA-497 (miRNA/miR-149) in the regulation of cerebral infarction. In patients with cerebral infarction, the serum of microRNA-497 expression was upregulated compared with that in healthy controls. In N2A cells, overexpression of miR-497 induced cell proliferation, decreased apoptosis and caspase-3 and caspase-9 activities, and suppressed Bax protein expression compared with that in the negative control group. Overexpression of miR-497 reduced inflammation factors, and suppressed the Toll-like receptor 4 (TLR4), myeloid differentiation primary response protein MyD88 (MyD88) and nuclear factor-κB (NF-κB) protein expression of the N2A cells. Next, miR-497 overexpression suppressed the protein expression of interleukin-1 receptor associated kinase (IRAK1) and phosphorylated cyclic AMP response element binding protein (p-CREB) in the N2A cells. Following miR-497 overexpression, TLR4 inhibitor was found to suppress the inflammation factors, suppress the TLR4, MyD88 and NF-κB protein expression, and reduce the IRAK1 and p-CREB protein expression of the N2A cells. Lastly, CREB inhibitor also suppressed p-CREB protein expression, induced cell proliferation, decreased apoptosis and caspase-3 and caspase-9 activities, and suppressed Bax protein expression in the N2A cells following miR-497 overexpression. Taken together, these data demonstrated that miR-497 attenuated cerebral infarction in patients by regulating the TLR4 and CREB signaling pathways.
Introduction
Cerebrovascular disease is one of the main diseases that threaten human health, and it ranks the top among the three major causes of mortality in China, with ischemic cerebrovascular disease, a common and frequently occurring disease that causes mortality and disability, accounting for 60-80% (1) . At present, early thrombolytic therapy is applied for ischemic cerebrovascular disease so as to restore the local blood supply; however, the resulting reperfusion will aggravate the further injury of the ischemic tissue (2, 3) . As a result, there is an urgent requirement to search for an effective drug for treating ischemia-and reperfusion-induced brain injury.
Brain anoxia and ischemia subsequent to cerebral infarction will result in a series of pathophysiological processes (4) . The neurons, glial cells and vascular endothelial cells will develop edema, necrosis and apoptosis as a result of the lack of nutrient and energy supply, as well as the inability to discharge metabolic waste, accompanied with inflammatory factor release, cascade amplification, and free radical and calcium ion overload (5) . During this process, a series of molecules, including nucleic acids and proteins, will acquire profound changes, which will aggravate or improve the pathological process of cerebral infarction, while their mutual equilibrium and development will influence the outcome and prognosis for cerebral infarction (6) .
The cerebral infarction is a complicated pathophysiological process: Firstly, the growth factor receptor, which can promote angiogenesis on the vascular endothelial cell, is activated together with the relevant enzymes in the body; secondly, the activated vascular endothelial cell begins to release metalloprotease so as to degrade the basilar membrane; thirdly, the vascular endothelial cell migrates to the corresponding position, secretes and forms the surrounding matrix, and proliferates into the budding structure, which continues to enlarge and form the annular tube cavity; and finally, the perivascular cell, smooth muscle cell and astrocyte proliferate, migrate, differentiate, and occlude to form the mature vascular cavity (7, 8) .
MicroRNAs (miRNAs/miRs), a type of endogenous non-coding RNA discovered in eukaryotes, has regulatory functions, and the mature miRNAs have 20-25 nucleotides. miRNA binds with the 3'-terminal non-coding domain of a specific target gene and forms the silencing complex, which will inhibit the translation of the target mRNA or promote the degradation of the mRNA, thus exerting its biological functions (9) . As has been previously demonstrated, miRNAs regulate angiogenesis under physiological and pathological conditions through regulation of the key molecules of angiogenesis (10).
Toll-like receptor (TLR) was first identified in fruit flies, and it was named since its extra-cellular fragment was homologous to a type of fruit fly protein Toll (11) . The TLR family is a signal energy transformation molecular family, which serves a key role in the immune response and inflammatory response (11) . TLR is a type of transmembrane receptor that is mainly distributed in immune cells and on the cavitary epithelial cell surface, and can identify various pathogen-associated molecular patterns, induce the inherent immune response of the body, induce a series of gene activations through various signal transduction pathways, promote increased inflammatory cytokine secretion and cause a systemic inflammatory response (12) .
Attention has been paid to the roles of TLR4 ligands myeloid differentiation primary response protein MyD88 (MyD88) and Toll/interleukin-1 receptor domain-containing adapter protein (TIRAP), as well as the negative feedback protein that gradually influences the TLR signal transduction pathway, Toll-interacting protein, in cerebral infarction. Recently, there has been increasing evidence of the TLR4-TIRAP-MyD88 signal pathway (13, 14) .
The active cyclic AMP response element binding protein (CREB) participates in multiple processes, including neuro-development, synaptic plasticity, memory function, regeneration and cell survival, so as to cope with all manner of stimulations, such as ischemia (15) . Since 1990, phosphorylated (p-)CREB has been extensively researched in multiple ischemic models, and its downstream neuroprotection targets include apoptosis regulator Bcl-2 (Bcl-2) and brain-derived neurotrophic factor (BDNF), and thus promote the survival of the ischemic neurons (16) . The present study investigated the role and mechanism of miR-497 to regulate cerebral infarction.
Materials and methods
Clinical specimens. Male patients with cerebral infarction (n=6; 55-62 years old) and healthy volunteers (n=4; 57-65 years old) from Tangshan Worker hospital (Tangshan, hebei, China) were enrolled in the present study between October 2015 and March 2016. All patients provided written informed consent and the study was approved by the Medical Ethics Committee of Tangshan Worker hospital. Whole blood was collected and centrifuged at 1,000 x g for 10 min at room temperature. Serum was stored at -80˚C for further experiments.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analyses. The total RNA of every serum sample was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocols. cDNA was reverse transcribed from 20-50 ng total RNA using the miRCURY LNA™ Universal RT microRNA PCR (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA (1 µl) was used for RT-qPCR (CFX-96 PCR machine; Bio-Rad Laboratories, Inc., hercules, CA, USA) with the SYBR-Green Supermix (Invitrogen; Thermo Fisher Scientific, Inc.). RT-qPCR was performed at 95˚C for 5 min, followed by 40 cycles of 95˚C for 30 sec, 60˚C for 30 sec and 70˚C for 20 sec. miR-497 expression was quantificated using 2 -∆∆Ct (17) . 4 cells/well and incubated with MTT (0.5 mg/ml) for 3 h. The medium was removed from each well and dimethyl sulfoxide (100 µl) was added. Absorbance was measured using an Infinite M200 PRO Multimode Microplate (Tecan Group, Ltd., Mannedorf, Switzerland) at 492 nm.
Apoptosis assay. N2A cells were seeded in 6-well plates at a density of 2x10 6 cells/well and incubated with Annexin V-fluorescein isothiocyanate and propidium iodide (Bio-Rad Laboratories, Inc.) at 25˚C for 5-15 min (in the dark). The total number of apoptotic cells was quantified by a flow cytometer (BRYTE HS; Bio-Rad Laboratories, Inc.) and FlowJo 7.6 (Tree Star, Inc., Ashland, OR, USA).
Measurement of inflammation factors.
Total protein was isolated from the N2A cells with an ice-cold cell lysis reagent (FNN0091; Thermo Fisher Scientific, Inc., Rockford, IL, USA) according to the manufacturer's protocols. The protein concentration was measured using the Pierce bicinchoninic acid assay (BCA) reagent (Thermo Fisher Scientific, Inc.). Proteins (5 µg) were incubated with enzyme-linked immunosorbent assay (ELISA) kits [interleukin (IL)-1β (h002), IL-6 (h007) and IL-8 (h008); Nanjing Jiangcheng Bioengineering Institute, Nanjing, China]. Absorbance was measured using Infinite M200 PRO Multimode Microplate (Tecan Group, Ltd.) at 450 nm.
Caspase-3/9 activity assay. Total protein was isolated from N2A cells with an ice-cold cell lysis reagent (FNN0091; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols. The protein concentration was measured using the Pierce BCA reagent (Thermo Fisher Scientific, Inc.). Proteins (5 µg) were incubated with caspase-3/9 activity kits (Bio-Rad Laboratories, Inc.). Absorbance was measured using Infinite M200 PRO Multimode Microplate (Tecan Group, Ltd.) at 405 nm.
Western blot analysis. Total protein was isolated from N2A cells with an ice-cold cell lysis reagent (FNN0091; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols. The protein concentration was measured using the Pierce BCA reagent (Thermo Fisher Scientific, Inc.). Proteins (50 µg) were separated using 8-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes (Thermo Fisher Scientific, Inc.). Membranes were blocked with 5% bovine serum albumin for 1 h at 37˚C and incubated with anti-TLR4 (catalog no. sc-10741; dilution, 1:500), anti-MyD88 (catalog no. sc-11356; dilution, 1:500), anti-nuclear factor-κB (NF-κB; catalog no. sc-109; dilution, 1:500), anti-IL-1 receptor associated kinase (IRAK1; catalog no. sc-7883; dilution, 1:500), anti-p-CREB (catalog no. sc-101663; catalog no. 1:500) and anti-glyceraldehyde 3-phosphate dehydrogenase (GADPh; catalog no. sc-25778; dilution 1:500) (all Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight. A goat anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody (sc-2004; 1:5,000; Santa Cruz Biotechnology, Inc.) was used to incubate the membranes for 1 h at 37˚C, and a Novex ECL Chemiluminescent Substrate reagent kit (WP20005; Thermo Fisher Scientific, Inc.) was used to visualize the signal bands. Signal bands were acquired using the ChemiDoc XRS + imaging system (Bio-Rad Laboratories, Inc.).
Immunocytofluorescence. N2A cells (1-2x10 4 cells/ml) were seeded at cell chamber slides and fixed with 4% formaldehyde at 4˚C for 15 min. Next, the cells were blocked with 5% BSA assay in phosphate-buffered saline (PBS) for 1 h at 37˚C and stained with anti-TLR4 antibody (dilution, 1:100; catalog no. sc-10741; Santa Cruz Biotechnology, Inc.) at 4˚C overnight. The cells were incubated with appropriate fluorescent secondary antibodies (dilution, 1:500; catalog no. sc-362272; Santa Cruz Biotechnology, Inc.) at room temperature for 1 h and then stained by DAPI assay at room temperature for 15 min. Cell images were obtained using an FV300 confocal microscope (Olympus Corporation, Tokyo, Japan).
Statistical analysis. All data are expressed as the mean ± standard error of mean. SPSS 17.0 software was used (IBM, Armonk, NY, USA). Two groups were compared using Student's t-test. Differences among groups were compared using one-way analysis of variance followed by Tukey's post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

Serum miR-497 expression in patients with cerebral infarction.
The serum microRNA-497 expression of patients with cerebral infarction was first determined in the present study. miR-497 expression was upregulated in patients with cerebral infarction compared with that in the healthy volunteers (Fig. 1) . This result showed that miR-497 may affect cerebral infarction.
Overexpression of miR-497 induces cell proliferation and decreases apoptosis in N2A cells. Overexpression of miR-497 significantly induced cell proliferation and decreased apoptosis in the cerebral infarction model in vitro compared with the negative group (Fig. 2) .
Overexpression of microRNA-497 decreases caspase-3 and caspase-9 activities, and suppresses Bax protein expression in N2A cells. To define the functional role of miR-497 in cerebral infarction, caspase-3 and caspase-9 activities were measured using ELISA kits. The overexpression of miR-497 significantly decreased the caspase-3 and caspase-9 activities, and suppressed Bax protein expression in the cerebral infarction model in vitro compared with that in the negative group (Fig. 3) .
Overexpression of miR-497 reduces inflammation factors in N2A cells. Next, the effects of miR-497 overexpression on inflammation factors in cerebral infarction were investigated. Compared with the negative group, the miR-497 overexpression group exhibited significantly reduced IL-1β, IL-6 and IL-8 levels in the cerebral infarction model in vitro (Fig. 4) . measured using western blot analysis. The results of western blot analysis showed that the overexpression of miR-497 significantly suppressed TLR4, MyD88 and NF-κB protein expression in cerebral infarction compared with that in the negative group (Fig. 5) .
Overexpression of miR-
TLR4 protein expression in N2A cells using immunocytofluorescence. Immunocytofluorescence was used to determine TLR4 protein expression in the N2A cells. As shown in Fig. 6 , TLR4 protein expression was significantly suppressed in the .01 compared with negative group. TLR4, Toll-like receptor 4; MyD88, myeloid differentiation primary response protein MyD88; NF-κB, nuclear factor-κB; miR/miRNA, microRNA; GAPDh, glyceraldehyde 3-phosphate dehydrogenase.
N2A cells by miR-497 overexpression compared with that in the negative group.
Overexpression of miR-497 suppresses IRAK1 and p-CREB protein expression in N2A cells.
To determine the anti-inflammatory functional role of miR-497 in cerebral infarction, IRAK1 and p-CREB protein expression was measured using western blot analysis. It was found that miR-497 overexpression significantly suppressed IRAK1 and p-CREB protein expression in cerebral infarction compared with that in the negative group (Fig. 7) .
Following miR-497 overexpression, TLR4 inhibitor suppresses TLR4, MyD88 and NF-κB protein expression in N2A cells. The TLR4 inhibitor was used to inhibit TLR4 protein expression in cerebral infarction. As shown in Fig. 7 , TLR4 inhibitor significantly suppressed TLR4, MyD88 and NF-κB protein expression in the N2A cells following miR-497 overexpression compared with that in the miR-497 overexpression group (Fig. 8) .
Following miR-497 overexpression, TLR4 inhibitor suppresses inflammation factors in N2A cells. Next, it was determined whether TLR4 inhibitor influences inflammation factors in N2A cells following miR-497 overexpression. Compared with miR-497 overexpression alone, the TLR4 inhibitor significantly suppressed IL-1β, IL-6 and IL-8 levels in the N2A cells following miR-497 overexpression (Fig. 9) .
Following miR-497 overexpression, TLR4 inhibitor suppresses IRAK1 and p-CREB protein expression in N2A cells.
The effects of TLR4 inhibitor on IRAK1 and p-CREB protein expression in N2A cells were assessed. Results indicated that TLR4 inhibitor significantly suppressed IRAK1 and p-CREB protein expression in the N2A cells following miR-497 overexpression compared with that in the miR-497 overexpression group (Fig. 10) .
Following miR-497 overexpression, CREB inhibitor suppresses IRAK1 and p-CREB protein expression in N2A cells.
For western blot analysis, CREB inhibitor was used to inhibit CREB protein expression in cerebral infarction. As shown in Fig. 11 , CREB inhibitor was able to inhibit Bax, IRAK1 and p-CREB protein expression in N2A cells following miR-497 overexpression compared with that in the miR-497 overexpression group (Fig. 11) .
Following miR-497 overexpression, CREB inhibitor induces cell proliferation and decreases apoptosis in N2A cells.
Next, the role of CREB in the effects of miR-497 on cell proliferation and apoptosis in N2A cells following miR-497 overexpression was determined. CREB inhibitor induced .01 compared with miR-497 overexpression group. TLR4, Toll-like receptor 4; NF-κB, nuclear factor-κB; miR/miRNA, microRNA; MyD88, myeloid differentiation primary response protein MyD88; GAPDh, glyceraldehyde 3-phosphate dehydrogenase.
cell proliferation and decreased apoptosis in the N2A cells following miR-497 overexpression compared with that in the miR-497 overexpression group (Fig. 12) .
Following microRNA-497 overexpression, CREB inhibitor decreases caspase-3 and caspase-9 activities, and suppresses Bax protein expression in N2A cells. Fig. 13 showed that following miR-497 overexpression, CREB inhibitor decreased caspase-3 and caspase-9 activities in the N2A cells compared with that in the miR-497 overexpression group.
Discussion
A large amount of the experimental research data from the middle cerebral arterial embolism models verify that inflammatory cell adhesion molecules, chemokines and cytokines serve key roles in cell apoptosis following focal cerebral ischemia reperfusion injury (18) . Investigating the mechanism of the focal cerebral ischemia reperfusion injury can directly instruct some drugs, with anti-inflammation and anti-apoptosis being the targets used in the clinic to treat and intervene in strokes (19) . The present results indicated that serum miR-497 expression in patients with cerebral infarction was upregulated compared with that in healthy volunteers. Furthermore, it was also demonstrated that overexpression of miR-497 significantly induced cell proliferation, decreased apoptosis, and reduced IL-1β, IL-6 and IL-8 levels in the cerebral infarction model in vitro. Li et al (20) demonstrated that inhibition of miR-497 ameliorates anoxia/ reoxygenation injury in cardiomyocytes by suppressing cell apoptosis.
TLR is also extensively expressed in the central nervous system, and is mainly distributed in the neuroglial cells, including microglia, astrocytes and oligodendrocytes (21) . The excessive inflammatory response in the brain tissue following focal cerebral ischemia reperfusion is one of the important mechanisms leading to reperfusion injury, which requires the infiltration of inflammatory cells and the involvement of certain cytokines, intercellular adhesion molecules and chemokines (22) . TLR has been found to serve an important role in the inflammatory response following focal cerebral ischemia reperfusion. In the cerebral ischemic response, TLR may induce the occurrence of the inflammatory response through identifying the endogenous ligands released in the cerebral ischemic injury (23) . The mechanism of action of TLR in cerebral ischemia has become a research focus in recent years, and currently, TLR2, TLR, TLR9 and particularly TLR4 have a relatively well-established association with cerebral ischemia (22) . The present study next examined the significant suppression of TLR4, MyD88 and NF-κB protein expression in cerebral infarction following the overexpression of miR-497. Xu et al (24) demonstrated that miR-497 could inhibit the inflammation and apoptosis of spinal cord ischemia-reperfusion injury through IRAK1 of TLR4 and the CREB signaling pathway.
Once the TLR4 system is activated, it can activate the expression of NF-κB through the MyD88-dependent and MyD88-independent signal pathways, and thus mediate the upregulation of certain inflammatory response factors, including tumor necrosis factor-α (TNF-α) and IL-1 (13, 14) . It has been demonstrated by research that the innate immune response and the inflammatory response serve a fairly important role in focal cerebral ischemia reperfusion injury (14) . The present results indicated that TLR4 inhibitor suppressed inflammation factors in N2A cells following miR-497 overexpression. Kong et al (25) reported that miR-497 may exhibit an anticancer function by regulating the NF-κB signaling pathway in human prostate cancer cells.
The transient ischemia of brain tissue will lead to cerebral ischemic injury, while the inflammatory response following the restoration of the brain blood supply will cause a second brain injury, known as an ischemia reperfusion injury (26) . The latest research suggests that the innate immune response and the inflammatory response serve extremely critical roles in focal cerebral ischemia reperfusion injury (27) . As an important nuclear transcription factor, NF-κB mediates the synthesis of certain genes, such as TNF-α, and it is closely associated with the immuno-inflammatory response following focal cerebral ischemia reperfusion injury (28) . Numerous studies have confirmed that puerarin can protect against the inflammatory response injury following focal cerebral ischemia reperfusion injury through the inhibition of NF-κB activity and the reduction in TNF-α expression (14, 29) . These present results indicated that TLR4 inhibitor suppressed TLR4, MyD88 and NF-κB protein expression, and reduced IRAK1 and p-CREB protein expression in the N2A cells following miR-497 overexpression.
The TLR4-TIRAP-MyD88 signal pathway can take part in the phagocytosis and degradation of amyloid β in the early stage of Alzheimer's disease (AD), and can reduce its deposition, but the release of its subsequent activated inflammatory factors will cause neuronal apoptosis and accelerate the course of AD (30) . In addition, research on mouse and human atherosclerosis has shown that TLR4 is closely associated with the development of atherosclerosis (26) . The intense activation of the TLR4-TIRAP-MyD88 signaling pathway will result in the secretion of a high level of inflammatory cytokines, and will accelerate plaque formation and development (12) . The present results showed that miR-497 overexpression significantly suppressed IRAK1 and p-CREB protein expression in cerebral infarction in N2A cells following miR-497 overexpression.
Extracellular signal-regulated kinase (ERK) is a member of the MAPK sub-family, which will be phosphorylated when upstream mitogen-activated protein kinase kinase is intensively stimulated by the calcium influx of the N-methyl-D-aspartate receptor calcium channel within the synapse (31). p-ERK has an essential role in regulating neuronal survival during the pathological stage of stroke, and inhibits the activation of the associated pro-apoptotic molecular mechanisms (32) . The activated ERK develops nuclear translocation and phosphorylates the downstream CREB through the p90 ribosomal S6 kinase (31) . p-CREB regulates the expression of the Bcl-2, C-fos and BDNF genes, promotes the expression of the antioxidant enzyme and anti-apoptotic protein, enhances ischemia tolerance and reduces delayed neuronal death (29, 32) . The present results demonstrated that CREB inhibitor suppressed p-CREB protein expression, induced cell proliferation, decreased apoptosis and caspase-3 and caspase-9 activities, and suppressed Bax protein expression in N2A cells following miR-497 overexpression. Xu et al (24) demonstrated that miR-497 could inhibit the inflammation and apoptosis of spinal cord ischemia-reperfusion injury through IRAK1 of the TLR4 and CREB signaling pathways.
In conclusion, the present study data demonstrated that miR-497 attenuated cerebral infarction in patients through anti-inflammation and anti-apoptosis mechanisms by regulating the TLR4 and CREB signaling pathways. Furthermore, miR-497/ TLR4 and CREB signaling pathways may have an impact on the molecular target spot of cerebral infarction patients in the future.
